This paper presents the design of a quadrupedal robot that can automatically adapt its gait to, and climb, staircases of different configurations. This is accomplished by endowing the robot with a parameterized gait for stair climbing: First, a gait plan is synthesized that allows the robot to climb a stair of known dimensions. Second, the robot approaches a previously unseen stair and perceives its height and width by using an onboard vision system. Third, the synthesized gait plan is parameterized by the perceived estimates of height and width of the stair. Fourth, the robot executes the parameterized gait to climb the staircase; this thereby eliminates the need for a complex control system to achieve the same purpose. Whereas quadruped robots have previously demonstrated stair climbing, to the best of our knowledge, none have so far been capable of climbing stairs of variable height while simultaneously carrying all the needed perception, processing, and power modules on-board. Our work is one of the first successful attempts toward the above goal. Results with the robot climbing a variety of stair configurations demonstrate the effectiveness of our approach.
Introduction
Design of robots that can automatically climb and negotiate man-made structures such as stairs and curbs is a difficult problem. This is evidenced by several research attempts to develop legged, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] tracked, 14, 15 and hybrid 16, 17 robotic platforms for stair-climbing applications. Whereas stairs are not representative of naturally occurring terrain features, they are widely found in urban environments. Therefore, stair climbing machines can be used as first responders in urban search and rescue missions, mobile platforms for handicapped patients, and other service robots that must operate in urban settings. This, however, raises the question of how to endow these robots with an ability to efficiently perceive pertinent features of the stairs in their surroundings and use such information for adjusting their gait to a variety of stair configurations.
In this paper, we present the design of a quadruped robot that can automatically adapt its gait to, and climb, staircases of different configurations. On-line gait planning for a given set of stairs is a computationally intensive task. This requires a high performance computer to be available on-board. Furthermore, significant time needs to be spent in planning the gait before it can be executed. In many search and rescue application scenarios, time is a critical parameter and delay of even few seconds could lead to failure. Hence, we have chosen a different approach. We have synthesized a parameterized stair-climbing gait off-line, which is defined using the parameters of the stair. Once the parameters of the stairs can be estimated during execution, a stair climbing gait can be instantiated instantaneously by using these parameters. This approach eliminates the need for on-line gait planning and the associated computation time.
The parameterized gait is implemented in four stages: First, a gait plan is synthesized that allows the robot to climb a stair of known dimensions. Second, the robot approaches a previously unseen stair and perceives its height and width by using an onboard vision system. Third, the synthesized gait plan is parameterized by the perceived estimates of height and width. Fourth, the robot executes the generated parameterized gait to climb the staircase. Quadruped robots with large sensing or extensive gait planning capabilities usually have the sensors mounted externally rather than having them onboard. Our main design goal is to create a robot which is capable of climbing stairs, while carrying all the needed sensing, processing, and power modules onboard. Results with the robot climbing a variety of stair configurations demonstrate the effectiveness of our approach. 3 Pack 5 developed a perception based control of a quadruped robot, which computed its posture relative to the staircase by matching an externally mounted camera's image of the staircase with an internal staircase model and used this information to move to, and position itself in front of, the stairs before climbing it. As this approach assumes that the staircase model is known a priori, it doesn't scale well across different types of stairs. However, in our approach, the stair parameters are explicitly estimated and used in real time in order to adapt the robot's movements to a variety of stairs.
Lee et al. 6 applied reinforcement learning to sequence foot placements for a quadruped robot and demonstrated its ability to climb a single step, double-angled steps, double-cornered steps, and four interleaved steps. Loc et al.
7 developed sensing and gait planning for a quadruped robot to operate in environments like slopes, convex corners, and concave corners. The environment was reconstructed by combining data from range and gyroscope sensors with the robot's internal state, and used by a gait planner to compute a motion plan for the robot. Even though our approach bears some similarity with their idea of combining sensing with gait planning, it differs by explicitly perceiving the stair parameters rather than attempting to reconstruct the robot's surrounding environment.
Ko et al. 8 performed trajectory planning for quasi-static stair climbing by a quadruped robot. Experimental results demonstrate that the robot is able to climb a natural stair by using their algorithm. However, the robot is not equipped with a feedback mechanism that helps it to sense the height and width of the stair. LittleDog is one of the recent quadruped robots that has demonstrated effective stair climbing.
9,10 However, the robot is constrained as its control computer and the motion capture system are externally situated.
Physical Robot
The robot consists of 16 degrees of freedom (Figure 1(a) ). The leg configuration is shown in Figure 1 segment is coupled to its foot (rubber ball) by a spring with travel length = 0.5 inches and spring constant = 6 pounds/inch (Figure 1(d) ). An onboard Microsoft Kinect sensor interfaced to an onboard laptop provides height and width perception of stairs.
Stair-climbing Gait Synthesis
The robot's stair-climbing gait is divided into three phases corresponding to a total of fifty discrete gait steps. A gait sequence for climbing a stair with a height of 5 inches is synthesized by defining the angles for all the twelve limb joints at each gait step.
Phase 1: Initially, the robot stands in front of a stair with each leg positioned at its zero position, in which the upper segment of each leg is horizontal and the lower segment is vertical. To begin climbing, the robot slides its feet inward, thereby lifting its body up (Figure 2(a) ). Next, the robot lifts its front left leg and places its foot on the step (Figure 2(c) ). Next, these motions are repeated by the robot's front right leg. In the resulting posture, the robot's front feet are rested on top of the stair and its body is slightly pitched toward the rear (Figure 2(d) ).
Phase 2: In this phase, the robot inches forward until its CG is lying above the step and its rear legs are touching the side of the stair. The robot moves forward by rotating all its sweep and elbow joints backward ( Figure 2(e) ). Next, the robot retracts each leg and places it back on the ground. This movement cycle is repeated twice.
Phase 3: The previous phase ends with the front legs on top of the stair and the rear legs in contact with the side of the stair (Figure 2(f) ). Next, the robot simultaneously raises the rear legs, resulting in lowering of the robot's rear until it rests on the edge of the stair (Figure 2(g) ). The rear feet are then raised above the step and placed on the step. Once all four feet are on the same stair (Figure 2(h) ), the robot repeats this cycle to climb the next step (Figure 2(j) ).
Stair-climbing Gait Parametrization
The stair-climbing gait was synthesized for a 5 inch staircase. Therefore, the gait is parameterized to enable the robot to adapt to climbing previously unseen stairs. The height and width are decoupled in that they influence two mutually exclusive portions of the stair-climbing gait: (1) climbing a stair and (2) walking forward on a climbed stair.
Stair height parametrization: Lift is used to raise the foot off the ground and place the foot on the stair, thereby making it a function of stair height. However, the sweep and elbow angles remain constant. Therefore, parametrization is applied to the lift angles of all the legs. Let h represent the stair height estimated by the vision sensor, i ∈ {1, 2, 3, 4} represent the i th leg, t j represent the j th time step, and θ h at each discrete time step t j is given below:
The original gait was developed for a stair height of 5 inches. Therefore, a factor of ǫ = 0.5 is used to provide for a margin of error. Lift angles for the left rear leg after parametrization for three different stair heights are shown in Figure 3(a) .
Stair width parametrization: The robot covers roughly 4 inches using three iterations of its forward walking gait. If w is the sensed width of the stair, then the robot implements a walking gait for ⌈1.33 × w⌉ iterations after climbing a stair. 
Vision System for Height and Depth Perception
We develop a vision based algorithm for the height and width perception of stairs. First, a Microsoft Kinect sensor is used to obtain a depth image of the scene comprising the staircase. During camera calibration, the depth data was found to be nearly linear between 3 ft. and 9 ft. with a slope of 19.5 per foot. Second, a simple edge-detection of the depth image is performed (Figure 3(b) ). Third, the resulting image is input to a cornerdetection algorithm, which extracts L-type corners that are typical of stairs and filters out other irrelevant and spurious corners (The detected corners are shown in Figure 3(b) ). The width of the stair-step is computed as the difference between the depth to the first step and the depth to the second step. The height calibration is achieved by placing objects of known height at measured distances from the sensor and counting the number of vertical pixels in the object's image. By using these measurements, a linear relationship between the number of pixels per inch and distance from the Kinect is obtained, which is then used for height measurement. All the height and width parameters were estimated with an accuracy of ±0.15 in.
Results
We report results from experiments in which the robot used parameterized gait to climb three stairs: (a) h = 2.5 in., w = 12 in., (b) h = 4 in., w = 10 in., and (c) h = 5 in., w = 10 in. Even though the 5 inch stair was used for the purpose of gait synthesis, it was still used in this experimental regime as it involved testing the stair-climbing capability of the robot by using parameterized gait. The robot was placed at a distance of 2.5 feet in front of each stair and allowed to execute the gait without any human intervention. Figure 4 shows the robot successfully climbing all the three stairs. The rate of climb was found to be roughly 30 sec/step.
Conclusions
We presented the design of a stair climbing quadruped robot that can adapt to previously unseen staircases by using a parameterized gait. The robot used an on-board vision system to perceive critical stair parameters, tuned its gait based on these parameters, and successfully climbed stairs of varying configurations. We designed the simplest possible gait to ensure robustness. Experimental results showed that the gait is robust with respect to the sensor uncertainty. Currently, the robot approached the stairs head on. This can be extended by using depth data to compute the robot's relative orientation with respect to the stair and introducing it into the robot's gait plan.
